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- Repetitive structure of
quarks and leptons



Situation

There exist flavor puzzles in the SM !



Fermion mass structure
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There is hierarchical mass structure. e.g, m—t = 0(10°)
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Structure of mixings
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Mixing matrices have distinctive structures.



Froggatt-Nielsen (FN) mechanism

C.D.Froggatt and H.B.Nielsen, Nucl,Phys.B 147 (1979)

SM fermions have charges under new U(1) symmetry
fi + q(fi), (i: generation )

We cannot write ordinary Yukawa interactions

fifi H i

If we introduce new scalar § : —1, new operators

can be written
¢ \|aUd+a(fy)|
KijfifjH (M_pl) Kij :0(1)



FN mechanism

If S obtains VEV, Yukawa interactions arise,

la(Fd)+a(f;)]
< fifi 1 (7-)

)

( >)|Q(fl)+CI(f])|

> Kl]flf] (Mpl

(Mpl S = (S)

yij = kij X el 100U, e =(5)/Mp <1

Hierarchy is realized naturally by this mechanism.
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How to find good charges

Compare the plausibility of multiple different
FN charge assignments

We adopt the Bayes factor

(J. Bergstrom, D. Meloni and L. Merlo, PRD 89 (2014) 9, 093021 )
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Bayes theorem

P(MllDatCl) X P(DatalMl) X P(Ml)

P(M;|Data): posterior probability of models
P(M;):  prior probability of models

P(Data|M;): marginal likelihood
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Bayes theorem

P(MllDatCl) X P(DCltCllMl) X P(Ml)

P(Data|M;) = f dd P(Datal|6, M;) X P(6|M;)

P(6|M;): prior distribution of model parameters

P(Datal6, M;): likelihood function
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Bayes factor

P(M;|Data)
X
P(Mj Data)

Bayes factor: Comparison of the plausibility
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Set up(SM)

SM part

—Ly =y Qi H+y Qi d; HY +y L g HY + h.c.,
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Set up(v masses)

dim-5 operators
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W) = ) Viw
_LY — yl] - h. c. , —

2Ay i T

seesaw(q(N,) = 0)
1
2

U
_(yw) (y®)7! (y@)' )i EZV

(D

Ly =y P L N, H+ =y My N, Ny + hec.,



Concrete function forms

P(MllDCltCl) — f do P(DatalH,Ml) X P(QlMl) X P(Ml)

P(M;) =P(M;) for i+
P(H = Kij,E‘Mi) o< exp(—‘icij‘z), (01 <£e€<0.3)

P(Data = x,|6, M;) « §(x,(0) — x2°%)
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FermlOﬂ YU kaV\/a yu) y(,‘) yt) yd) ys; yb) ye) yl,u y‘[

CKM and PMNS szKM, S%(M, SEBI,<M1 5 CKM.
parameters sPMNS - GPMNS = GPMNS

Neutrino mass ratio  Am2,/Am?; = (m? — m32)/(m? — m2)



Results(quarks)

e=0.14, q(@) =(3,20), q@ =420, q(d)=(3373)
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Results(quarks)

fo Ju J3 log,0(Z/20) €
3,2.014,2,0| 3,3,3 |96.34+0.10 | 0.141 £ 0.005
4,2,016,3,1| 6,4,4 |96.03 £0.12 | 0.253 = 0.006
5,3,07,3,0 5,5,5 |95.94+0.12 | 0.302 £ 0.007
5,3,016,3,0| 5,5,4 |95.86£0.13 | 0.285 & 0.007
4,3,07,3,1| 6,5,4 | 95.82=x0.10 | 0.291 £ 0.007
3,2,014,2,0 —9,3,3|95.81 £0.11 | 0.145 £ 0.006
4,3,016,3,0 | 5,4,4 | 95.76 £0.13 | 0.255 £ 0.007
5,3,016,3,0 5,5,5 |95.73£0.12 | 0.297 £ 0.007
4,2,016,3,1 | 5,4,4 | 95.69£0.11 | 0.248 £ 0.007
4,2,015,3,1| 6,4,4 |95.68£0.13 | 0.247 & 0.006

~.
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Results(leptons)

dim-5 operators
e =0.26, q(L) =(544),

qg(e) = (5,2,0)
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qg(e) = (5,2,0)
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Results(leptons)

dim-b operators seesaw
fL fe logy0(Z/Z0) € fL e log,((Z/Z) €
5,4,4| 5,2,0 |57.22+0.13 | 0.264 £ 0.010 5,4,4 | 5,2,0 | 51.18+£0.22 | 0.282 £ 0.011
7,6,6 | 3,—2,0 | 57.00 &£ 0.15 | 0.264 &+ 0.009 4,44 | 6,2,0 | 50.96£0.19 | 0.278 £ 0.010
6,6,5 | 3,—2,0 | 56.95 £ 0.15 | 0.231 £ 0.010 5,4,4| 6,2,0 | 50.83£0.26 | 0.298 & 0.010
5,9,4| 6,2,0 |56.84+0.12 | 0.300 £0.010 4,3,3 | 5,2,0 | 50.80+0.18 | 0.224 + 0.009
5,9,4| 5,2,0 | 56.77+0.20 | 0.290 £ 0.011 43,3 | 4,2,0 | 50.54+£0.22 | 0.208 & 0.010
7,6,6 | 4,—2,0 | 56.66 £ 0.14 | 0.284 £ 0.009 4.4,4 | 5,2,0 |50.4240.22 | 0.268 & 0.011
4,3,3 | 4,2,0 | 56.65+£0.22 | 0.193 £ 0.009 4,4,3 | 5,2,0 | 50.41+£0.12 | 0.245 £ 0.010
7,7,6 | 3,—2,0 | 56.594+0.22 | 0.291 £ 0.011 5,4,4 | 4,2,0 | 50.38£0.19 | 0.274 £ 0.012
7,7,6 | 4,—2,0 | 56.58 & 0.08 | 0.300 % 0.010 3,3,3 | 5,2,0 | 50.27+£0.20 | 0.204 £ 0.009
6,5,5|2,—2,0| 56.54 £ 0.20 | 0.194 £ 0.010 5,9,0|3,—2,0 | 50.23+£0.26 | 0.204 & 0.009
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Results(quark + lepton)

non-GUT

e=026, q(Q) =(430), q@) =(630), q(d)=(5414)
q(L) = (5,4,4), q(@) = (5,2,0)

SU(B)-GUT
e =0.26, ¢(10)=(53,0), q(5)=(543),
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Summary

The FN mechanism is a promising mechanism to
explain the flavor puzzles

We are searching for good FN charge assignments
which can explain the flavor puzzles
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Thank you for your attention!



Integral measure

A = ULZUI‘; Y = diag(oy, 0,, 03)
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Prior function

m(ky) =T (:Vu © 5_|qi+uj|)

= exp(—tr[(y, o 6710 (3, 0 57l 2)

Yu = Uy 2y U;IL-R1 L= diag(o-ub Ou2, GuB)
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v masses (Inverted ordering)

dP/dlog(rio)

dim-b operators
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